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Abstract

Rapid transportation of large payloads and

human crews to destinations throughout the solar Iv )

system will require propulsion systems having a

not only very high exhaust velocities (Isp > 104 to

105 sec) but also extremely low mass-power ratios G

(a < 10 -l kg/kW). Such low c¢ are difficult to AV

achieve with power-limited propulsion systems, 6

but may be attainable with fusion and other high- 71

Isp nuclear concepts that produce energy within A

the propellant. The magnitude of this energy gain

is of fundamental importance. It must be large B

enough to sustain the nuclear process while still

providing a high jet power relative to the massive v

power-intensive subsystems associated with these D

types of concepts. This paper evaluates the g

energy gain and mass-power characteristics

required for a consistent with 1-year roundtrip T

planetary missions ranging up to 100 AU. Central mA_

to this analysis is an equation for overall system m e

a, which is derived from the power balance of a mA2
generalized "gain-limited" propulsion system.

Results show that the gain required to achieve a

10 -_ kg/kW with foreseeable subsystem

technology can vary from 50 to as high as 10,000,

which is 2 to 5 orders of magnitude greater than

current state-of-the art. However, order of

magnitude improvements in propulsion

subsystem mass and efficiency could reduce gain

requirements to 10 to 1,000 -- still a very

challenging goal.

Nomenclature

Variables

RABI

V

lh

U

h,k

Ill pa 3,

P

mp,,,p

v,,

A poy

= Specific impulse

= Overall system mass-power ratio

(similar but not same as specific mass)

= Energy gain in nuclear process

= Mission velocity increment

= Subsystem mass-power ratio

= Subsystem efficiency

= Starting point of arbitrary straight-line

trajectory

= Ending point of arbitrary straight-line

trajectory

= Trip time

= Distance (between A and B)

= Gravitational acceleration at Earth

surface

= Thrust

= Initial vehicle mass at point A

= Vehicle mass after trip from A to B

= Final vehicle mass after round trip return
to A

= Outbound mass ratio mA,/me

= Inbound mass ratio mJm42

= Velocity

= Mass flow rate

= Dimensionless velocity ratio

= Constants in trip time expressions

Payload mass
Power

Propellant tankage mass fraction

Propellant mass

Exhaust velocity

Payload to vehicle inert dr5' mass
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flaction

X, Y, Z = Parameter combinations in trip time

expressions

e

.f

GMLV

q)

ga

.L

= Fractional power from onboard power

supply

= Fraction of power used for reaction

driver subsystem

= Minimum energy gain for net positive

power

= Mass-power ratio factor

= Ratio of Gain to Minimum Gain

= Driver to processor ratio

Subscripts

(de, 17, ,71,P) s =

(de, 17,m, P) D =

(de, q, m, P)p =

(de, 17,m, P)r =

(de, 17, m, P)H =

power supply

driver

power processor

thruster

heat disposal subsystem

Introduction

The goal of rapid interplanetary space flight

will require the development of new propulsion

systems based on advanced forms of nuclear

energy. Over the last several decades, many

propulsion concepts have been studied which

would enable multi-month round-trips to Mars

and missions to the furthest outer planets on the

order of a year. 17 The large AV and vehicle

accelerations required for such missions demand

propulsion systems having not only very high

exhaust velocities (I,p > 10 4 to 10 5 sec) but also

extremely low mass-power ratios (a _< 10-I

kg/kW).

High-energy electric propulsion systems could

achieve the performance necessary for multi-
month transits to Mars and near-earth asteroids.

Such power-limited concepts can also provide the

!,p required for extremely large-AV missions.

However. the a may be too high to achieve the

accelerations necessary, for rapid excursions to the

outer solar system. Faster missions on the order

of a 3'ear will probably require systems that

produce more jet power in the exhaust than that

provided from onboard sources.

Such a net cncrgy gain can bc achiexcd in

syslcms where nuclear rcaclions occur \_ill_in a

portion of the propellant. This encrgy gain is
expressed in terms of G. defined as the effective

power output fi'om the local nuclear process

divided by the power required to drive it. A

significant amount of power is needed to "drive"

such reactions, and the total produced must be

sufficient to provide thrust and sustain tl_e nuclear

process. This type of system is "'gain-limited'" in

that the driver can consume a significant fi'action

of the total power produced. Nuclear fusion is the

most fmniliar example of a "gain-limited'" system.

although some concepts involving fission also fit
the definition.

A major question often raised is: what is the

magnitude of energy gain required to realize the

benefits of fusion and gain-limited propulsion?

This is important because estimating the upper

limits of energy gain has been a central issue in

fusion research over the last several decades, and it

certainly plays a major part in dictating the near-

term viability of fusion-based propulsion.

In recent years, high-energy plasma

experiments have achieved "scientific" gains Q of

up to 0.5 for very short times with large.

specialized facilities. For ground-based commercial

power, it is generally accepted that "engineering"

Q of over 50 will be required to make fusion

economically competitive with other technologies.

However for space propulsion, there is much less

consensus on what values of gain will ultimately;

be required to make fusion superior to other high-

Isp alternatives, such as electric propulsion. We

attempt to answer this question by investigating

the effect of gain and propulsion subsystem
characteristics on the overall a of fusion-

propelled spacecraft, and comparing these values

against the a requirements for ambitious

interplanetary missions.

Definition of Gain-Limited Propulsion

Almost all propulsion systems in use today

are classified as being either energy'- or power-

limited. The former ly'pe, wlaich is best

represented by chemical rockets, derives all of its

propulsive energy from exothennic reactions
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within tile propellant. Tolal impulse and overall
performance is limited by the quantity of
propellant carriedonboardthe spacecraft.These
systems typically exhibit very low exhaust
velocities,butcandeliverhigh accelerationsdueto
their ability to heat largeamountsof propellant
quickly andefficiemly.

Power-limited systems, such as electric
propulsion, utilize a separate onboard power
source to impart energy to the propellant.
Although the jet power is always less than that
providedfrom the source,power-limitedconcepts
canachievehighexhaustvelocitiesand Isp. Unlike

chemical systems, the total impulse is limited by

available power, and performance is further

constrained by the lower limits of attainable a.

High values of a translate into more massive

systems, which yield correspondingly lower

accelerations and longer trip times.

Fusion and other gain-based systems share

some of the features of energy and power-limited

systems, but are ultimately restricted by the net

energy produced by the nuclear process, hence the

term "gain-limited." Because of the small burnup

fraction of reactants - even at high gain G > 100 -

only a small portion of the available binding

energy in the nuclear fuel is utilized, and the

system is relatively independent of the total

energy content of the reactants. Similarly, the total

power system mass is not directly proportional to

exhaust power.

As gain increases, the fraction of delivered

power that must be diverted back into the driver

decreases. In effect, this reduces the impact of

driver mass and efficiency on the system. This is

important because the driver usually has a higher

mass-power ratio 6_ and lower efficiency r/D

than the other subsystems. The performance of a

gain-limited system can be improved by either

reducing the 6 of its various power-intensive

subsystems or increasing G in the nuclear

process.

Mission Requirements and Performance

The perfommnce of power- and gain-limited

propulsion systems is characterized by the

parameters cr. lsp and vehicle acceleration. These

parameters are interdependent in that only tx_o

can be independently specified at once. If vchicle

acceleration is treated as a dependent variable.

then the objective is to understand how different

combinations of a and Iv, affect mission

performance.

We limit our consideration to perfonnance

requirements representative of fast, crewed

interplaneta W lnissions throughout the solar

system. We are primarily interested in conducting

round-trip missions between points A and B in

as short of time as possible. These requirements

are embodied in the two parameters of trip

time, rRr, and the distance between points A and

B, DAB. Simple equations for rRr as a function

of DAB, a and Is, are obtained by assuming (1)

an instantaneous vehicle acceleration nmch greater

than the local acceleration of the sun, (2) a

constant thrust acceleration and deceleration of the

vehicle, and (3) a vehicle velocity of zero at A and

B for both legs of the mission. -'3 The latter

assumption implies that the vehicle thrusts at a

constant Isp and mass flow rate to a point

approximately midway in the trajectory,

whereupon it turns around and decelerates to zero

velocity at the destination. The same type of

maneuver is conducted on the return leg. These

assumptions permit us to apply a straight-line

trajectory, which is quite desirable from the

standpoint of mission flexibility and planning. The

relevant parameters and assumptions are

summarized in Figure 1.

M

OUTBOUND: A.-> M accel.. M -> B decel.

mAi m,¢l mBj

l_i = 0 1/_¢1 l"el = 0

INBOUND: B--*" M accel., M-> A decel.

mA: mac rnB, _ lIqBt

1_: = 0 I',.: V e,+ = 0

THROUGHOUT: T = constant; t_l =--_ > 0

Figure 1: Parameters for round-trip from point A

to point B and back.
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The time taken to travel the outbound and
inbound legs of a continuous thrust mission is
nothingmore than the propellant massexpended
duringthat perioddividedby the massflow rate.
This yields the following expressionsfor transit
times for the outbound and inbound legsof the
mission,respectively:

TAB- T/IIITA2 _ , ,

_ g!,p (RsA2_I) "
TBA T/IHA2

(I)

(2)

Since vehicle velocity is a function of time and

the propellant flow rate is assumed constant

,it = T/(gI,,), the distance traveled in each leg of

the mission can be expressed in terms of the

integral D = __['_r Vdm. Substituting into this the

instantaneous form of the rocket equation

m i

V = g!,p In m(t) and integrating yields the

following equations for distance traveled:

T/mA2

= T/mA-----_(R._eA2-1) 2

(3)

(4)

Equations (3) and (4) are two distinct

expressions for the mass ratios RAn1 and RsA 2.

Recognizing that DAB = DBA , RABi and RB._2 can

be solved in terms of DAB and then substituted

into Eqs. (1) and (2) to yield the following

generalized expression for trip time:

048
: - (h + ku) , (5)

gl,p

For lhe outbound leg from ,4 to B.

(h,k) = (3,2). v,hile for the return Icg frona B to

A, (S,,Z-)= (1,2). Ti ererore (h, k) = (4,4) for the

total round trip. The traxel time is expressed as a

function of distance D_J. Iv) and tlle final vehicle

acceleration T/m42 .

In order to express r in terms of /v_ and _z.

we derive an equation for T/m42 from a general

relationship for final vehicle mass and substitute it

into Eq. (5). The dry mass of both gain- and

power-limited systems contain the basic elements

of power-sensitive equipment, propellant-

sensitive structure, and payload (all non-power

and propellant items). Thus, the equation for final

mass of the vehicle at mission completion is:

The mass of power-sensitive components

G/_,,,, is proportional to the power delivered by

the system, while the mass of the propellant

subsystem flmprop is scaled to the total propellant

quantity. The total power output of the

propulsion system is nothing more than the jet

power Po,, = TVJ2, while the total propellant is a

function of total impulse and exhaust velocity

mprop =Tr/V e. To simplify the derivation, we

assume a constant ratio between payload and dry

mass m_y = mA2kpa),. Substituting these

definitions into Eq. (6) and rearranging yields an

equation for fmal vehicle acceleration:

1 1/,<.- a -- + . (7)
T/rnA2 1 - Rp_;. 2

Equation (7) can now be substituted into Eq.

(5) and rearranged to yield the following

generalized expression for trip time:

where,

g
gl.vJ

_il[ D,|l_( _r/',,, 42 )

Lrx+ z< j ,8,
r = l.v, [ _

where A: }: and Z are functions independent of 1/,

and a, that is:

4
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.¥ =

1 - )_I,,,.,-
[

y= 1,--' /3 /3
( 2g ) , 1-Av,:,. 1-2,,,,,.

Z = k 2 gD'_8

1 - Xp_

optimum Iv , for a gixcn destination. This is

especially' true for electric propulsion systems.

since reducing a decreases the negative mass

impact associated with tile oP,, term in Eq. (6).

This permits a higher vehicle acceleration and

shorter trip time.

104

We neglect the negative branch of Eq. (8) since _ 103

it implies a negative trip time for large !,p. The
tll

placement of !,p in Eq. (8) indicates that an .__.

optimum value of l,.p exists which minimizes trip _-,.,102
"r"

time. Differentiatin_ Eq. (8) by Isp and setting to

zero eventually results in a quadratic equation for ""_ 10

[_p that can be solved to yield: w°

2
(9)

J
Cislunar
Space

Again neglecting the negative branch, we

substitute this optimum value of I,p into Eq. (8)

to obtain minimum trip times for a specified a.

This substitution also yields the interesting result

that r oc a v3, and confirms that lower mass-power

ratios translate to shorter trip times. Although !_p

is important, any system that relies on an onboard

power source to provide propulsive energy will

have an optimum Iw that is a function of a and

mission requirements.

A plot illustrating the sensitivity of round-trip

time to Dan and a is shown in Fig. 2, where the

optimum values of Isp are superimposed on lines

of constant a. In assessing the requirements for

interplanetary missions, we consider the

parameter values necessary to complete round-

trip transits between earth and destination planets

within 1 year. For missions between earth and

other inner planets, which are represented by the

middle band in Fig. 2. a system with a < 10

kg&W is adequate. The optimum I,p values range

from 3,000 to 5.000 sec. Improved technology in

spacecraft subsystems - as reflected by lower

subsystem mass and a - tends to increase the

rerreslrial : 'Outer : t _" /

_.,:,oo[..,.oe._ A---bv'y.2 
,.0<.>=,0,/.¢'..5

/I"/'Y ,i")"/,,,;"
-ct (kg'kW) = Af F

li,, ,oo

1

01
I

Figure 2:

,o, Z
:;:7 1

i, mm

The a and Isp requirements become much

more challenging when we consider the ambitious

distances within the band representing the outer

planets. The range of these distances is quite

broad, extending from 4 AU to nearly 40 AU. The

ambitious case of a 1-year round-trip mission

between Earth and Pluto (37 AU) would require

an a _ 2 x 10 -3 kg/kW and Isp of nearly 3 x l 0 -_

sec. The requirements become much less severe if

we consider 1-year round-trip missions to Jupiter,

where the required a increases to _10 -_ kg/kW.

and the Isp is-70.000 sec.

The fact that lower a translates to higher

vehicle accelerations and shorter trip times can be

seen in Fig. 3, which shows the relationship

between a and the required final vehicle
acceleration for different values of travel distance.

Note that the axis for a is expressed in terms of

power density, 1/a to facilitate the viewing of

performance trends.

m

>l

j s unp

Distance from Earth (AU)

Round-trip time vs. distance from earth.

10 yrs

I yr

0.10yr

0.01 yt
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Figure 3: Final vehicle acceleration vs. I/a for

round-trip trajectories.

delivered by' the system. In addition, the

sensitivity of (z can bc dcrixed directly fiom the

total power balance of the system. Power and

gain-limited concepts also contain many of the

same basic functions and subsystems. Therefore.

in order to compare a for both types of systems.

it is reasonable to begin with a generic pox_er

balance that reflects the unique and common
features of both. The model used here is shoxvn in

Fig. 4.

I

I r_(1 - e)

_d

E

I

Waste Heat Disposal (D,, J
i

- r

' f_TpG

For the missions that we are considering, the

required final accelerations are fairly modest. Only

at the most ambitious limits, that is round-trip

missions to the outermost planets, do the

accelerations become large - around 10q g. Figure

3 illustrates the limitation of pure power-limited

concepts for advanced missions. Reasonable trip

times require large accelerations, hence the need

for less massive onboard power systems.

In summary, human interplanetary-class

missions will require a _ 3 orders of magnitude
lower than the current state of the art for electric

systems. Although electric propulsion can meet

the high Isp requirements, it will be difficult for

this technology to meet the a requirements for

missions beyond the innermost outer planets,
which have been determined to be about 10-1

kg/kW. Ultimately, systems with a ranging from

10 -I kg/kW to as low as 10 -3 kg/kW will be needed

to open up the solar system to ambitious human

exploration. This vdll require tremendous

breakthroughs in power system technologies and

reduction in effective component mass.

System Power Balance and Gain

Power- and gain-limited propulsion concepts

are similar in that a large portion of the mass can

be treated as being proportional to the power

Figure 4: Generalized Power Balance.

The total power needed to heat, ignite or

accelerate the propellant Pin is obtained from two

sources- e represents the fraction of P/,,

delivered from an onboard source, while the

remaining portion 1-e comes from a driver

powered by energy extracted from the heated

products. The total energy from these inputs is

multiplied by the factor G and then transferred to

a so-called "power processing" stage, which can

actually be quite complex. Generally, most of the

power in the form of energetic plasma is passed

through this stage directly to some type of

magnetic nozzle or "thruster." A portion of the

total input power, however, is truly "processed"

to run the driver. Unusable energy arising from

inefficiencies at this step and others is passed to

the thermal management subsystem, which

radiates waste heat to space.

An expression for a is obtained by first

summing the mass contributions from each of the

subsystems represented in Fig. 4 and then dividing

by the total power output of the system, that is:

(10)
POL'7
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\\:e assumethat the massof eachsubsystem
canbe representedas the product of a distinct
mass-powerratio 6_ and tl_e power output of that

particular subsystem. Noting that the power

flows represented in Fig. 4 are expressed as

fiactions of the power input to the nuclear

process PJv, the corresponding subsystem masses

are:

F/1DRI\ER ---- 111 D = _D[I -- e]P/_

[ 1-e+(1-,.)G P,,=.,. =a. 0- %)-£/

rnrnRCSTER = mr = dr "Polr

disposal subsyslcm. The only way Io improxe

performance of a power-limited syslcnl is to

reduce the mass-power ratios and increase poxver

processing efficiency.

For the gain-limited case. the power needed to

drive the system comes from the power

processing subsystem via a feedback loop. Since

no major onboard power supply is required after

the process has been initiated, we set e = 0 and

retain G as a parameter in Eq. (12) to yield the

mass-power ratio for a gain-limited system:

6Dqo + (zpqdlpG

= u,(u ,7oo-1) +4 .(14)

The system output power can be expressed as

Pour = [(1- f)rleqrG]P_.,.. SoMng for the fraction

of processor power delivered to the driver yields

f=(1-e)/(n,,%G), which upon substitution

with all the subsystem masses into Eq. (10)

provides the following formulation for a :

"(Zsrh_e + ctz)(1 - e) + dEprh)qpG ]

+a'n[(1- 1"//))(1- e)+ rio(1- qe)Glt

a= +drrlr[n'%G-(1-e)] J (12)

The effective mass-power ratio for an electric

or power-limited system ap_ L is obtained by

setting e = 1 and G = 1 in Eq. (12) to yield:

ap_L = &s +&d/e +&.,1- rh.,( 1 +&r • (13)
r/rrh,

The sum as + d_pqp is often treated as a single

term representing the mass-power ratio of the

entire power supply subsystem. Apart from the

individual subsystem d_"s, ap_ L is most sensitive

to the efficiency of the power processing

subsystem r/p. Lower efficiencies in the power

processing subsystem demand a larger power

source and greater capacity in the waste heat

As before, the overall system mass-power

ratio is a function of the subsystem d_"s, including

the additional parameters of driver mass and

efficiency. The most unique feature is the strong

dependency on gain, which is not entirely

arbitrary. G must be greater than a certain

minimum value in order to provide a net positive

input power for thrust production and driver

operation. This appears as the requirement for a

positive value in the denominator of Eq. (14),

which can only occur when G > GML_, where

Gum = (rlerh_) -I . At a minimum, the power gained

must overcome losses due to inefficiencies in the

driver and power processor subsystems. Values of
G above this limit result in lower effective mass-

power ratios.

In addition, a does not decrease without

limit as gain is raised. Although higher gains

diminish the influence of driver mass and

efficiency, the power handled by the processor

and thruster increases proportionally as well.

Consequently, the mass influence of these

subsystems becomes dominant with increasing

gain, leading to an effective lower bound for a.

This can be seen by, taking lima,_ z = otc;_ . which
G.-+ a.

yields:

a.. = a, + a,.,7,, + a.(1 - '7,.) 115)

7
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"Fhe pm'ameter c%_ embodies lhe influence of

processor mass and efficiency' on the system, and

its effect is a strong function of G. The influence

of ac_. oll propulsion capability' tends to diminish

at lower values of G. As G decreases, a

becomes more dependent on driver characteristics

and increases without limit. Although a

approaches an infinite value at the minimum gain

condition, the sensitivity to driver characteristics

can be ascertained by evaluating ct at G = 0,

thereby removing the influence of gain in Eq. (14).
I

From lim a6_ t = ac0, we obtain:
G--,0

aGO = _T-- _DqD +_' E__Htl--rlD]_ (16)
r/r

a;0 is always a negative quantity, and reflects

the impact of driver characteristics on a Its

impact can be explained more clearly by

expressing it as a positive value via ac0 =-a;0.

When aoo is substituted with ao_ and the

definition of Gum into Eq. (14), the result is an

expression for aG_ L. This can be expressed in

general terms as:

aa_ L = qba_ (17)

The factor • accounts for the relationship

between G and GMm , and the somewhat

competing effects of ac0 and a_, that is:

cD - gG +£ (18)
g_--I

where gG = G/GMm and f, = aGo/aa_. For the

minimum theoretical limit of ac_ L, g_ + oo and

--+ I, thus yielding aa_ L _, aa_. Similarly, as

ga _ 1, • --+ m and aa_ L ---+_. The parameter

is always greater than 1, and reveals the degree

to which gain overcomes the mass penalties and
inefficiencies associated with the driver.

Reference Propulsion Concepts

F,vaIuat.ing lhe relalionship in Eqs. (,17) and

(18) requires calculation of G_m ,. oo, and ct(, 0

based on representative mass properties, power
flows and efficiencies. Forlunatelv. a considerable

amount of conceptual design information exists

from several studies done over the last decade. We

refer to the Spherical Toms, VISTA and ICAN-II

investigations 3I° mainly because of their unique

(1) extent of design detail, (2) thorough accounting

of power flows, and (3) recognition of the

significant impact of waste heat handling -- an

important aspect of all gain-limited concepts.

The Spherical Torus (ST) vehicle concept 4

employs a magnetic confinement fusion (MCF)

device that is geometrically similar to tokamaks

and other toroidal containment systems. The

MCF regime occupies the low end of plasma

density, and requires long confinement times to

sustain ignition conditions. This device's low

aspect ratio could mitigate many of the

instabilities previously encountered with

tokamaks. However, it requires external methods

of heating to raise the plasma to ignition

temperatures, and large magnetic fields to

compress the nuclear fuel to fusion densities. The

most recent assessments of the ST employ DYHe

fuel within the reactor to heat a hydrogen

propellant, and a magnetic nozzle to expand it for
thrust. The vehicle is sized for a Saturn

rendezvous, with a thrust and !_p of 26,000 N and

38,612 sec, respectively.

Representative of the opposite end of the

operational spectrum is the VISTA concept, s'6
which is based on inertial confinement fusion

(ICF). ICF involves laser or particle beam

bombardment of fusionable pellets to generate a

much higher density plasma -- ten or more orders

of magnitude higher than MCF plasmas. ICF

drivers typically employ very high energies. The
most recent VISTA studies assume a conical

configuration, using arrayed lasers to initiate

fusion in targets ejected at the cone's vertex. A

superconducting magnetic coil directs the resulting

plasma for thrust. The quoted perfornlance

numbers are based on DT fusion, but the

references also mention eventual use of DD and

8
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D3He fusion. The VISTA studies focus on
roundtrip humanmissionsto Mars. alt]loughtile
capabilitieswould enablemissionsinto the outer
solar system. Tile thrust and l,p are 185,000 N

and 12.562 sec. respectively.

The third concept, ICAN-II, vs,9 is a hybrid

approach that combines ICF with use of

antimatter to initiate combined fission-fusion in a

compressed nuclear target. A pellet of DT and U-

235 is compressed with light ion beams and

in'adiated v,:ith a low-intensity beam of

antiprotons. The antiprotons initiate a hyper-

neutronic fission process in the U-235 that

rapidly heats and ignites the DT core. The

resulting radiation from fission and fusion is

transformed via wavelength shifter material before

generating thrust through ablation of material from

a spherical thrust shell. Since the antimatter

actually initiates the reactions, this approach

requires lower driver energies than other ICF

concepts. However, the driver power is still

significant, and this approach depends on dramatic

improvements in technologies for antimatter

production and storage. 7-8-9 Like VISTA, the

reference mission is a roundtrip mission to Mars,

but with a thrust of 100,000 N and I_, of 13,500

sac.

The mass distributions and subsystem power

levels for these three concepts vary considerably

due in large part to their being sized to different

mission requirements. However, the basic

processes are similar enough that the subsystems

and power flows can be defined in accordance

with the model shown in Fig. 4. This yields the

terms shown in Table 1, which highlight some

noteworthy differences in the systems' power
flows.

In all cases, the "'effective" power output
discounts unrecoverable losses of radiation to

space in the form of high-energy photons and

neutrons. This has a relatively small effect on the

fusion power multiplication of ST, in which only

8.5% of the power is presumed unrecoverable and

lost to space. By' contrast, it has a significant

effect on the VISTA and ICAN-II concepts,

where 72% and 84% of the fusion power

generated is considered lost. respectively.

9

A fcw cases include an interval of onbomd

powcr utilization as part of the driver rcquircmcnt

to simplit_, power flows. For example. SF

specifies a 2 M\V fission reactor to assist in initial

ignition and to provide onboard prover. This 2

MW is added to the power required to drive the

fusion process, thus yielding a total value of 156

MW input power for tile driver subsystem.

The concepts also differ in their accounting of

jet power. The MCF-based ST converts 67% of

its effective fusion power into jet pov,er.

However, the ICF systems have much lower

percentages- 27% and 15% for VISTA and

ICAN-II, respectively. The ICF concepts redirect

isotropically expanding plasmas rearward of the

vehicle, while the ST adds fusion energy to

injected hydrogen propellant, which is ionized and

expanded in a magnetic nozzle.

Individual d's can be calculated by, dividing

each subsystem's mass by its power output.

These & 's are shown in Table 2, along with their

associated efficiencies, which are nothing more

than the power output divided by the power

input. The differences between input and output

power for the driver, processor and thruster are

treated as inputs to the heat disposal subsystem.

These values of & generally represent

foreseeable technological limits of subsystem

performance. All three concepts feature power

processing and thruster mass-power ratios in the

range of 10 -3 to 10 -2 kg/kW, which individually

approximate the a required for rapid

interplanetary flight. The differences in heat

disposal d are greater--ranging from 10-3 to 10 -1

kg/kW. This is primarily because all three

concepts employ different types of designs. The

ST uses four sets of rectangular radiator panels in

a "cross" geometry; VISTA assumes a conical heat

pipe radiator system; and ICAN-II uses a liquid

droplet radiator system -- a promising but less

developed technology.

The resulting values of aa,. a_0. G_x mad

ac,_ L for all three concepts are shown in Table 3.

A notable feature is the relatively high value of

GA_m for VISTA. This is due to the conser',ative

value of 6% assumed for laser driver efficiency'.

As a result, the gain ratio go; for VISTA is

American Institute of Aeronautics and Astronautics



actually lower than the ST, despite the fact that
VISIA hasa gain that is over four timcs grcalcr
than that concept.

Both of the ICF conceptshave lower ae3___

than tile ST due to their intrinsically higher gain.

Ill fact, the a6_ t for the ICF concepts are

relatively close to their respective values of aa,,.

Therefore, further increasing the gain for these

systems will have only modest effects on

improving c%_ L, even if all subsystem masses

remain the same. There is more margin for

improvement with the ST should research indicate

higher possible gains for an MCF system.

Figure 5 shows the effect of varying gain on

aa_ t. Each curve exhibits asymptotes at ga --+ 1

and ga -+ oo. VISTA is distinct in that its aa_ L is

more sensitive to gain than the other two

concepts. This is because of the comparable

influence between its driver and processor

characteristics (aa0 = or_ to an order of

magnitude), which causes cta_ t to approach its

minimum theoretical value over a smaller

magnitude variation in gain. However, VISTA's

low driver efficiency of 6% yields a higher

minimum gain condition than either ST or

ICAN-II. Its relatively high processor mass also

yields a a_ = 0.075 kg/kW, which is higher than

ST. Even with these more conservative masses

and efficiencies, VISTA ultimately achieves a

lower o_c_L than the ST by operating at a higher

gain G = 279.

Compared to VISTA, the ST has lower values

of G_lx and ac, =, but has a higher value of £.

This results in a lower sensitivity to gain, as noted

by the more gradual variation in Fig. 5. The ST's

design point G of 68 yields a higher czc_ L than

that of VISTA. The values of a6_ L for ICAN-II

are substantially higher than the other concepts

for G < 2000. This is primarily due to its large

driver mass and value of fo. Above this point,

ICAN-II's lower value of ac, _ enables it to

achieve the lowest cta_ L of all, albeit at very high

gain.

100
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Figure 5: Sensitivity of aa_ t to Gain for Fusion

Propulsion Concepts

In summary, the calculation of the parameters

GM_,_., ac_ and a_0 together with examination of

Eq. (17) through Fig. 5 demonstrates the

differences in performance capabilities of fusion

propulsion systems. Nevertheless. these

parameters also serve to "normalize" different

concepts to ensure a more consistent comparison

of performance. All gain-limited systems e.',,:hibit

the same functional behavior, as shown by the

asymptotic nature of the curves in Fig. 5.

Nevertheless, Ga_., a_ and a60 for a given

concept define the shape of both asymptotes and

the "elbow" of the aa_ L versus G curve. The

effects of these parameters are examined further in

the next section.

It is useful to note that it is difficult to

improve performance at both ends of this curve

by evolving a given subsystem to simultaneously

lower both asymptotes--that is, enabling a lower

aG_ L by decreasing both GM_ and a_,. Only one

parameter is common between these two

asymptotic limits: the power processing

efficiency r/p. It is somewhat surprising that this

parameter if of central importance for fusion-

based spacecraft: conventional wisdom has it thai

improvement of the driver provides the greatest

payoff. While the foregoing is indeed important.

10
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Fig. 5 illustrates that improving fusion power
conversionholds the key to lowering both the
required gain and mass-power limitations on
spacecraftperformance.

Therefore.the goal is to achic\c a <It Hlat is as
closeto 1aspossible.

105

Discussion 10'
The data derived for the three reference

propulsion concepts can be used to further

examine the nature of q). The functional _" 10 '
dependence of q) on g_ and f_ is illustrated in

,., _/3 which ,Fig. 6. Earlier we noted that rRr _ _-L,
10 2

stresses the need to achieve as low of cta_ t as e

possible. From Eqs. (17) and (18), it is obvious

that increasing ga through operation at higher gain 10

has this effect. Although the impact of ac0, ct_

and GM_x is not as obvious, the relative influence 1

of these three parameters can be assessed through

the following ratios of partial derivatives:

---.._..
10 10 4 10 5

[_4 (= O'¢a)f°:¢"_ )

_leC N-II

.-<_._
10 = 10 a

gG (= G/G.*t/.v)

: ' (19)

(20)

Since go > 1, Eq. (19) implies that ac_ L is

always more sensitive to changes in a_ than in

a_0. Improving processor mass and efficiency via

reduction in ao= contributes more to lowering

a__ L than decreasing aco through improvements

in driver characteristics. The relative sensitivity of

ac_ L to a_ and Ga,.v embodied by Eq. (20) is

not as obvious, since it depends more on

propulsion system design. However based on the

data in Table 3. it appears that Eq. (20) is

generally greater than 1. As in the case of aao,

aG_ transcends GM__ in its influence on aa_ L.

The parameter a_;, is the fundamental

delimiter of gain-limited propulsion performance,
and q) should be treated as a factor that causes

ac,_ * to deviate from this limit. Table 3 shows

that the values of ac;. that can be obtained with

foreseeable technology are very close to the ac,_ L

required for rapid interplanetary space flight.

Figure 6: Sensitivity of • to Gain and Propulsion

Subsystem Characteristics

One way is through a high value of go, which

offsets the negative impacts of driver mass and

inefficiency -- both of which tend to increase ac0

and @. The ability to reduce driver effects

depends on the value assumed for fa- For

instance, operating at a low go of 10 v,ith a

roughly intermediate f_ of 100 yields a q_ of

12.2, which translates to an eta_ L that is 12.2

times greater than a6_. Raising gc to 100,

however, drops q_ to 2.02, while operating at g_

= 1000yields a • ofl.10 - only 10% greater

than the minimum limit of aa_.

Again, ac_,_ sets the basic limit, regardless of

the values of gG and £. Unless a_ is several

orders of magnitude less than a__ L. operation at

g6 between 1 and 10 provides no benefit from a

performance standpoint. For example in the case

where fo = 100, go could be as low as 2.02 only

if a_ were two orders of magnitude less than the

required ac__L. However. a go; of 12.2 would

decrease q_ by one order of magnitude and yield a

a___ only 10 times ac, _.

ll
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The asymplotic relationships in Fig. 6 clearly

indicale a hadeoff bet\vcen gain and driver

charactcristics. That is. it appears that &; and f,

can be mutually varied to yield a specific value of

O. At large values of O. sizable variations in .fo

translate to comparatively smaller changes in go,.

This could be viewed as advantageous if the goal is

to relax driver requirements while keeping

increases in gain low. Hmvever. it could also be

regarded negatively if the object is to reduce gain

requirements by improving driver characteristics.

At the low _ of interest here. the relationship

between variation of f, and gc is not as obvious.

The relative sensitivity about a constant value of

can be shown through the ratio of df_/f a to

dgc/g c , that is:

df_ go _ ao + f_

L L
(21)

Equation (21) confirms the potentially

significant relaxation of driver requirements for

small increases in ga when _ >> fa- However at

low values of (I), especially if (I) << f_, the

relative sensitivity becomes approximately

equivalent. In other words, an order of magnitude

variation in f_ requires a comparable order of

magnitude change in ga to maintain the same value

of • and aa_ L.

Although we have defined a_ and a_0

according to the subsystems and power flows in

Fig. 4, it is important to note that the expression

for (_ in Eq. (18) is applicable to any power-

balance involving "feedback" to sustain energy

release. Even though the equations for calculating

ac_ and ao0 may vaB , significantly from concept

to concept, Eq. (10) always reduces to the form of

Eqs. (17) and (18). which represents the general

relationship between ac_ L, G and subsystem

characteristics.

t]o\vc\er, practical implemcnlatiori of such

sysicms will demand cxtrell-lclv lOW _ and high
efficiencies in several ke\' propulsion subsvslcms.

Even with the technology proieclions from several

design studies, the required energy gains for

ambitious interplanetary missions (a _ 0.001 to

0.1 kg/kW)range upxvards of 100 to possibly

1,000 or greater.
Tiffs result stems from the fact that the & and

11 of the subsystems downstream of the nuclear

process set the nfinimum limit on attainable a.

Energy gain has no influence on this limit, but it

can substantially offset the burden associated with

the driver. Improving driver characteristics

through reduced mass and increased efficiency can

reduce gain requirements. However even with the

most optimistic projections of driver performance,

the energy gains vdll be substantial -- on the order
of 1O0 or more.

We can conclude that the challenge of applying

fusion to propulsion applications, at least in the

manner envisioned in these studies, is as great or

even greater than ground applications for

commercial power. It is appropriate to question

whether systems requiring complex drivers and

power processing subsystems will ever achieve

the mass characteristics necessary' for

interplanetary flight. These complexities, which

generally result in massive and/or inefficient

systems, represent the main obstacles to practical

gain-limited systems.

Conclusions

Fusion propulsion offers the promise of

achieving the high I,_, and low mass-power ratios

required for rapid interplanetary space flight.

12
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